Global gas balance experiments at ASDEX Upgrade (AUG) and JET have shown that a considerable fraction of nitrogen injected for radiative cooling is not recovered as N 2 upon regeneration of the liquid helium cryo pump. The most probable loss channels are ion implantation into plasma-facing materials, co-deposition and ammonia formation. These three mechanisms are investigated in laboratory and tokamak experiments and by numerical simulations. Laboratory experiments have shown that implantation of nitrogen ions into beryllium and tungsten leads to the formation of surface nitrides, which may decompose under thermal loads. On beryllium the presence of nitrogen has been seen to reduce the sputtering yield. On tungsten surfaces it has been observed that the presence of nitrogen can increase hydrogen retention. The global nitrogen retention in AUG by implantation into the tungsten surfaces saturates. At JET the steady state nitrogen retention is increased by co-deposition with beryllium. The tokamak experiments are interpreted in detail by simulations of the global migration with WallDYN. Mass spectrometry of the exhaust gas of AUG and JET has revealed the conversion of nitrogen to ammonia at percent-levels. Conclusions are drawn on the potential implications of nitrogen seeding on the operation of a reactor in a deuterium-tritium mix.
Introduction
Impurity seeding is used in tokamaks with metallic plasma-facing materials with the aim to increase the radiated power fraction and mitigate otherwise excessive heat loads to the divertor targets [1] . Nitrogen is currently the preferred seeding species at JET and AUG because of its favorable radiative characteristics [2] , the benevolent control behavior [3] and the observed beneficial effect on energy confinement [4, 5] . However, nitrogen radicals are chemically reactive and can influence properties of the plasma facing surfaces and because of that affect the hydrogen (tritium) inventory build-up in the reactor vessel. It is therefore important to assess and understand the relative importance of the various nitrogen retention mechanisms in N 2 -seeded plasma discharges. In this contribution we review a selection of relevant laboratory and tokamak experiments and point out connected potential consequences and concerns for reactor operation in a deuterium-tritium mix.
Surface nitrides on tungsten and beryllium
Upon injection into the plasma nitrogen molecules are dissociated, ionized, transported along field lines and implanted into the plasma-facing surfaces. Fig. 1 shows the nitrogen depth profile after implantation into tungsten at room temperature with an impact energy of 2.5 keV per atom [6] . The fluence of 2x10 16 Ar/cm 2 roughly corresponds to a depth of 10 nm. Within this depth nitrogen is accumulated up to atomic concentrations of the order of 0.5. Such high nitrogen concentrations are far beyond the solubility of nitrogen in tungsten [7] and are attributed to the formation of chemical bonds, i.e. of (amorphous) tungsten nitrides. Known stable stoichiometries are WN, WN 2 and W 2 N. The nitrides are formed by ion beam mixing, i.e. the energetic nitrogen atoms deliver the necessary energy to introduce defects in the metallic lattice and overcome the activation barrier for compound formation. The low diffusivity of the implanted nitrogen restricts the build-up of nitrogen concentrations beyond the solubility limit to a thin surface layer on the order of the penetration range of the energetic nitrogen ions in tungsten and the depth of the related damage profile. Investigations of the thermal stability of the nitrided surfaces have revealed a complex temperature behavior below a sample temperature of 900 K: The retained amount decreases steadily with increasing implantation temperature above 600 K [8] . Above 900 K decomposition of the compound is generally observed [6, 8, 9] . Fig. 1 : Depth profile of nitrogen in tungsten analyzed by sputter X-ray photoelectron spectroscopy [6] . The tungsten surface had been bombarded at room temperature by mono-energetic N 2+ ions at 5 keV to a fluence of 5x10 21 N/m 2 . Ar + ions at 5 keV were used for sputtering. The ratio of the N1s signal to the W4f signal is plotted against the argon fluence. The experiment is compared to simulations using SDTrimSP combined with a forward calculation of the XPS signal intensities. In these simulations the atomic concentration of nitrogen was ad hoc limited to a maximum of 0.5, corresponding to the stoichiometry of the tungsten nitride WN.
Analogously to the observations made on tungsten surfaces, also the implantation of nitrogen ions onto beryllium surfaces at room temperature leads to the formation of (amorphous) surface nitrides [10] . The saturation level of the nitrogen surface concentration as well as the observed shifts in the binding energies of the Be1s and N1s electrons (as observed by X-ray photoelectron spectroscopy) are consistent with the formation of stoichiometric beryllium nitride Be 3 N 2 , which is a stable compound up to a temperatures beyond the melting point of Be (which lies at 1560 K). No reduction of the nitrogen content in the implanted beryllium surface has been observed upon annealing up to 1000 K [10] .
Due to the very limited depth of the nitrogen-enriched zone both on tungsten and on beryllium surfaces the nitrogen retention by ion implantation saturates with increasing fluence. The saturation fluence depends on the nitrogen to deuterium ratio in the incoming flux and on the ion energies. On tungsten at relevant nitrogen fractions and energies it is at most on the order of 10 23 (D+N)/m 2 [6] . /s in the divertor region close to the strike points [11] . Consequently the retention due to ion implantation into tungsten is likely to saturate very quickly in the divertor region. In long pulse operation saturation can be assumed to occur on all plasma-exposed surfaces.
Another consequence of the limited nitride thickness is that possible modifications of the properties of bulk material (such as melting point or electric and thermal conductivity) are negligible. The nitrogen accumulation at the surface can however strongly affect the interaction with the deuterium ions from the plasma. It has for example been shown that erosion rates of beryllium can be reduced [12, 13] and G. Meisl, this conference]. In the following another important example of a strong influence of a nitride surface layer is described.
Increased deuterium retention in tungsten
Upon exposure of tungsten surfaces to hydrogen plasmas or ion beams the hydrogen isotopes convey enough energy to overcome any surface barrier and thus penetrate the material. The fraction of implanted atoms that is retained in the material (both dynamically during the implantation as solute atoms in super-saturation or permanently due to trapping at defects) crucially depends on the diffusivity of hydrogen towards the bulk and towards the surface. It has been observed that the diffusivity of deuterium in tungsten nitride (at room temperature) is extremely low [14] . A reduced diffusivity (and/or solubility) of hydrogen in a thin surface layer can constitute a barrier for out-diffusing hydrogen when implantation occurs beyond this layer. Thereby the desorption flux can be reduced and the retention and/or the permeation to the rear surface of the sample (or to any interface at greater depth) can be increased.
Such an effect has been observed on tungsten samples that have been exposed sequentially to nitrogen and deuterium plasmas at 500 K [15] . Fig. 2 shows the topography of a tungsten surface after this sequential exposure (right image) compared to the exposure to only a deuterium plasma (left image). The appearance of blisters upon deuterium exposure is indicative of increased compressive stresses during exposure. This is attributed to a reduced out-diffusion of deuterium due to the surface nitride layer leading to an increased dynamic inventory during the exposure. In this experiment the nitrogen pre-implantation lead to increased deuterium retention by a factor of four. This is mainly attributed to trapping at defect sites in the surroundings of the blisters at depths between 0.5 and 5 µm (i.e. far beyond the thickness of the surface nitride layer).
[15]The tungsten surfaces in ITER will feature a broad distribution of temperatures and it has been predicted that (without the presence of nitrogen) the largest part of the hydrogen inventory in a tungsten divertor will build up in areas with intermediate fluxes and temperatures around 500 K [16] . The presence of surface nitrides would further increase the contribution of these areas to hydrogen retention. Further laboratory investigations of this effect upon simultaneous exposure to hydrogen and nitrogen ions (at various relative energies, i.e. various relative implantation ranges) or mixed plasmas would be of interest.
Co-deposition of nitrogen with beryllium
The term co-deposition stands for the formation of mixed material layers by implantation of a volatile species into a continuously growing deposit of a solid material. This mechanism strongly contributes to fuel retention in all fusion devices with low-Z plasma facing materials (Be, C) and is predicted to be the dominant mechanism governing the long term tritium retention in ITER. The findings of [17] , [18] and [19] as well as the results on the effect of surface roughness presented in this paper show that nitrogen can be retained in a similar fashion. This is especially true when beryllium is present as a plasma-facing material because of its comparatively high erosion yield and the above-mentioned thermal stability of beryllium nitride. . The right surface had been pre-exposed to nitrogen plasma at the same temperature and bias, accumulating a fluence of 1.5x10 22 N/m 2 [15] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Some insight into the nitrogen uptake in beryllium co-deposits has been gained by the exposure of beryllium samples to mixed deuterium-nitrogen plasmas in PISCES-B [17] . Co-deposited material was collected on witness plates and analyzed by ion beam analysis to quantify its elemental composition. Fig.  3 shows the nitrogen content in the co-deposits. The scatter in the data is large because the deposits have been produced in a range of different plasma parameters. However, the resulting nitrogen to beryllium ratios lie in the range of 0.05 to 0.35 and do not have a clear dependency on the nitrogen fraction in the gas admitted to the plasma. These ratios are in line with the analysis of co-deposits in JET-ILW [18, 19] .
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These nitrogen concentrations are comparable or larger than typical deuterium concentrations in beryllium co-deposits [20] , [M. Mayer, this conference]. It can be concluded, that the uptake of nitrogen in co-deposits is an efficient mechanism for nitrogen retention. Since co-deposits can grow continuously without a saturation effect, it is expected that this retention mechanism will dominate over nitrogen implantation into plasma-facing materials in long discharges with nitrogen seeding.
Nitrogen implantation and co-deposition in AUG
In tokamaks the toroidal and poloidal distribution of the nitrogen content in the first wall is governed by migration, i.e. by the continuous ion implantation, re-erosion and re-implantation. The WallDYN code has been developed to model these processes in an integrated manner [21] . This code has been benchmarked against experiments at AUG [G. Meisl et al., submitted to Nucl. Fusion] and applied to estimate the time evolution of the global nitrogen retention in AUG [22] . The simulation (Fig. 4) shows that the retention of nitrogen is initially close to 100% of the injected amount due to implantation into pristine tungsten surfaces. However, the retention saturates already within a few seconds, which ultimately limits the nitrogen uptake into the vessel walls to roughly 5x10 21 atoms. Fig. 3 : Concentrations of nitrogen and deuterium in beryllium co-deposits collected in PISCES-B (measured by Rutherford backscattering spectrometry) as a function of the admixture of nitrogen to the deuterium plasma. The collection plate was kept at room temperature. Plasma parameters and bias voltages at the erosion target vary considerably between the data points [17] .
At AUG a phenomenological model has been used to determine the parameters of the feedback loop that is employed for the control of the nitrogen seeding rate [3] . This model assumes the total nitrogen inventory in AUG to saturate at 3.5x10 21 atoms, which is comparable to the value obtained in WallDYN simulations. However, there are still notable uncertainties: The two models make different assumptions on the plasma wetted area and a considerable influence of surface roughness on the saturation nitrogen areal density had to be assumed in the feedback model. In the following the influence of surface roughness on nitrogen retention is discussed.
Influence of roughness
To investigate the influence of surface roughness on the accumulated nitrogen areal density fine grain graphite samples of various roughnesses were prepared. Fig. 5 (left) shows a photograph of the three different types of samples that were employed: Polished samples with a roughness value R a around 0.03 µm, samples without any treatment after the production by milling with R a of roughly 1 µm and samples with surfaces deliberately roughened by sandblasting with hard spar yielding an R a -value of a few µm. These samples were coated with 20 to 25 nm of tungsten by arc-discharge deposition, inserted into dedicated notches on two custom outer divertor target plates of AUG and exposed on the new divertor manipulator DIM-II of AUG [23] to 13 L-mode discharges with N 2 -injection and one without. Further details on the plasma scenario can be found in [A. Hakola, this conference]. Fig. 4 : WallDYN simulation of the nitrogen wall inventory build-up in a seeded discharge in AUG [22] and comparison to the value used for the nitrogen feedback control at AUG [3] . [23] Middle and bottom: Confocal laser scanning microscopy measurements on the polished, milled and sandblasted surfaces. The profile scans shown in the bottom row correspond to the data acquired along the line indicated in the respective maps in the middle row.
The exposed surfaces were analyzed for their elemental composition by nuclear reaction analysis. Fig. 6 shows the resulting poloidal nitrogen and boron distributions along the outer divertor target tiles.
(Differences in surface roughness can influence the depth resolution of such measurements. But they have no influence on the plotted depth-integrated areal densities.) The poloidal profiles on the milled and the sand-blasted surfaces feature clear peaks a few cm upstream of the nominal strike line position. On the polished sample the measured nitrogen and boron distributions are comparatively flat and smaller by a factor of 4 to 5 than the peak values in the case of the rough samples.
A number of plausible explanations exist for this considerable difference in nitrogen (and boron) deposition depending on surface roughness. For example, a change in roughness implies a change in the distribution of angles of incidence of the impinging ions. Also, retention of nitrogen in shadowed slopes can occur by implantation or co-deposition of re-eroded nitrogen with boron or carbon [24] . The temperature experienced by deposits might be reduced in deep valleys of the rough surfaces. This would lead to a reduced outgassing from co-deposits with increasing depth of the valleys, i.e. with increasing roughness. Further analysis of the exposed surfaces (e.g. by electron microscopy) will shed some more light on the effects of roughness. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A global gas balance experiment in a N 2 -seeded ohmic L-mode scenario (plasma current 2.0 MA, toroidal field 2.2 T) was performed at JET in 2011 by regenerating the divertor liquid He cryo panel before and after a series of equivalent discharges. Of the injected nitrogen atoms 52.5% were not recovered in this experiment and the observed deuterium retention was 3.7%, which is higher by a factor of 2 to 3 compared to similar non-seeded scenarios. The amount of missing deuterium in the gas balance provides an upper limit for the fraction of nitrogen atoms that can have been converted to ammonia: Subtracting a retention of 2% as typically observed in similar non-seeded scenarios leads to an additional deuterium retention of 1.7% due to the presence of nitrogen. This corresponds to an upper limit for the conversion fraction of nitrogen atoms to ammonia molecules (averaged over the discharges of this experiment) of 15%. Any increase in hydrogen retention compared to non-seeded discharges that can be attributed to increased diffusion to the bulk in tungsten (c.f. tungsten-nitride formation above) and/or to an increased amount of hydrogen stored in co-deposits would decrease the value of this upper limit.
Nitrogen retention in JET and ITER

Implantation and co-deposition
Post-mortem analyses of surfaces exposed in JET-ILW have confirmed considerable nitrogen fractions in co-deposits [18, 19] : The nitrogen-to-beryllium ratios ranged from 0.03 to 0.15 on the inner divertor tiles. On deposition probes in the outer divertor they were in the range of 0.04 and on first mirrors roughly 0.3. An extrapolation of these measurements to the whole vessel surface and an assessment of the fraction of injected nitrogen that is retained by co-deposition have not yet been attempted.
A WallDYN simulation has been performed for JET-ILW, employing a similar plasma scenario as that used for the above-mentioned gas balance experiment and puffing the same number of nitrogen atoms [G. Meisl, this conference]. The resulting nitrogen retention by implantation and co-deposition with beryllium amounts to 24% of the injected atoms. The formation of ammonia is currently not considered in these simulations. The calculation is subject to considerable uncertainties. Still, the result implies that only about half of the 52.2% of nitrogen missing in the mentioned gas balance experiment performed in 2011 can be explained by implantation and co-deposition and that ammonia formation could account for the other half.
Ammonia formation
The presence of (tritiated) ammonia in the exhaust gas of ITER can have implications on the duty cycle of the reactor (due to the necessity of more frequent cryo pump regenerations to higher temperatures) as well as on the design of the tritium plant. The concentration of ammonia in the exhaust gas of N 2 -seeded discharges in current tokamaks can be measured by mass spectrometry analysis. Such an analysis is not straightforward for plasma discharges in deuterium because of overlapping signals from deuterated water, methane and ammonia [25] . It is further complicated due to the tendency of ammonia to perform isotope exchange reactions with hydrogen (protium) atoms in the pump ducts surfaces [26, 27] . A code has been developed for decomposing mass spectra from partly deuterated molecular species. However, due to uncertainties in the cracking patterns the solutions found by this code are not always unique. To overcome this difficulty, dedicated experiments have been performed in the hydrogen (protium) campaign C34 at JET-ILW. This simplifies the analysis of mass spectra (as well as the numerical decomposition) because the dominant signals from the fully protonated molecules H 2 O, CH 4 and NH 3 appear at different mass-to-charge ratios (namely 18, 16 and 17 amu/e, respectively). The decomposition code was applied to the data from this experiment in protium. It consistently revealed fully protonated species of water, methane and ammonia as dominant fractions with values for the HD ratio H / (H + D) between 0.95 and 1.0.
For simplicity the HD-values have been fixed at 1.0 in the decomposition analysis displayed in Fig. 7 . The figure shows the resulting fractions of nitrogen atoms converted to ammonia molecules in a series of equivalent discharges (Ohmic L-mode at 1.8 MA plasma current and 1.8 T toroidal field). All discharges were N 2 -seeded except for the first and the third. It can be seen that the ammonia level increases from discharge to discharge reflecting the legacy of nitrogen (adsorbed, as nitride or as ammonia) in the vessel that has also previously been observed at JET [28, 29] . Although a legacy from previous discharges is clearly present, some wall depletion and outgassing appears to occur in the ramp-down and ramp-up phases as well as in-between discharges. As a consequence the ammonia levels in the beginning of a seeded discharge are lower than at the end of the flat-top of the preceding equivalent discharge. No saturation of the ammonia conversion rate is observed within a single N 2 -seeded discharge. The highest conversion fractions observed in the flat-top phase of the discharges reach 0.4%. These results are in line with experiments at AUG [25] , which also showed that post-discharge outgassing strongly contributes to the amount of ammonia produced in a single discharge.
Before and after this experiment both the liquid helium and the liquid nitrogen (LN 2 ) cryo panel of the JET divertor cryo pump were regenerated. Fig. 8 shows the result of the decomposition of the mass spectra recorded upon increasing the temperature of the liquid nitrogen panel after the experiment. Again fully protonated molecules are the predominant fractions in the exhaust gas (as expected). Quantification of the amounts released from the cryo panel is hampered by relatively high pressures Fig. 7 : Nitrogen injection rate and fraction of ammonia molecules per injected nitrogen atom in a series of equivalent JET discharges. All successful discharges of the session are included in the legend, but only the ones with useful mass spectrometry data appear in the graph. The analysis is restricted to a time frame with negligible variations in plasma density and sub-divertor pressure in order to exclude artifacts caused by partial variations on the time-scale of the acquisition of one mass spectrum, which is about 1.9s.
being reached in the ducts behind the turbo molecular pumps: A backflow of gas cannot be excluded. At the time point of the observed maximum in the ammonia and methane partial pressures the LN 2 feed was opened again causing parts of the cryo panel to start cooling down and thus increasing the pumping speed. The evolution of the pumping speed after the maximum is therefore also not known and the pumped amount cannot be calculated from this partial pressure time trace.
Still, one can calculate a lower bound of the ammonia released from the LN 2 panel from the maximum partial pressure reached during the regeneration: Multiplication of the peak pressure with the volume of the JET vessel (183 m 3 ) yields 25 mbar*liters of ammonia. This corresponds to at least 0.44% of the nitrogen atoms injected into the plasma being converted to ammonia molecules.
Summary and conclusions
The main mechanisms for nitrogen retention in N 2 -seeded tokamak discharges could be identified to implantation into plasma-facing materials, co-deposition (with Be, B or C) and the formation of ammonia. Implantation is dominant in the early stage of a discharge. However, this mechanism saturates at elevated fluences due to the limitation of the nitrogen accumulation to a very thin surface layer on the order of the ion range. Laboratory experiments at beryllium surfaces have shown that the formation of this thin nitride layer can reduce the erosion rate. On tungsten the nitride layer acts as a permeation barrier which (in the case of sequential nitrogen and deuterium implantation at 500 K) has been shown to potentially increase deuterium retention and blistering.
Recent results show that in JET-ILW and ITER on long time scales co-deposition with beryllium dominates over implantation. At AUG a considerable influence of surface roughness on the nitrogen areal density accumulated on tungsten surfaces has been observed, which is attributed to co-deposition with boron or carbon in valleys and pits. A conversion factor of nitrogen atoms to ammonia molecules on the order of 5% (including outgassing) has previously been reported for AUG [25] . At JET steady state was not yet achieved in the current investigations. At JET the conversion factor was estimated from measurements in the flat top phase of discharges as well as from the regeneration of the liquid nitrogen cryo panel after a series of N 2 -seeded discharges. The resulting values in the range of 0.4% have to be considered as lower bounds. The actual conversion could be in the same range as observed at AUG. Most of the ammonia can be assumed to be pumped by the cryo pumps. However, due to the strong sticking behavior of ammonia an inventory of (tritiated) ammonia can build up on all inner surfaces and in the pump ducts. These findings may imply the necessity of a design upgrade of the ITER tritium plant to make it compatible with the expected amounts of ammonia in the exhaust gas. The presence of ammonia might also influence the required regeneration rate of the ITER cryosorption pumps. Finally, it was shown that ammonia influences the outgassing and pump-down behavior. A possible impact on the duty cycle of a future power plant should be assessed . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
